Introduction
Mutations within the ANKH gene cause three human monogenic disorders: dominant familial chondrocalcinosis (CCAL2, MIM 118600), dominant craniometaphyseal dysplasia (CMD, MIM 12300) and recessive mental retardation, deafness, ankylosis syndrome (MRDA) (1) (2) (3) . All three conditions affect the musculoskeletal system in a distinct manner.
CCAL2 is distinguished by formation of ectopic calcium pyrophosphate dihydrate (CPPD) deposits within articular cartilage and adjacent soft tissues (1, 4) . In contrast, CMD patients develop a severe thickening of the skull (hyperostosis) and modelling defects of long bones (2, 5) . Patients affected by the recessive MRDA syndrome, however, demonstrate a severe phenotype that is characterized by early onset ankylosis (bony fusion of joints), mild mental retardation, deafness, and hypophosphatemia (3) . MRDA syndrome shows striking similarities to the mouse model ank/ank, which develops early onset ankylosis due to the homozygous Ank missense mutation E440X inducing a loss of protein function (3, 6, 7) .
The mineralization pathology observed in ank/ank mice has led to the concept that changes of intra-and extracellular pyrophosphate (PPi) levels are causative for ANKHassociated pathologies and hence the protein is listed in databases as an inorganic pyrophosphate transporter (6, (8) (9) (10) (11) (12) . In bone and cartilage biology, PPi is believed to 4 ANK is a highly hydrophobic transmembrane protein that upon transient overexpression in Cos7 cells has been localized to the plasma membrane (PM) (6) . Most topology models predict ANK with a variable number of 10 to 12 transmembrane domains (2, 6) . During evolution ANK has been highly conserved as indicated by 82 % homology between human and zebrafish on protein level (2, 14) . Strikingly, ANK shares no homology with any other protein or protein domain. The expression of ANK is not restricted to musculoskeletal tissues such as cartilage and bone. Abundant ANK levels are also detected in brain, heart, liver, muscle, and skin (6, 15) . The ubiquitous presence of ANK in soft tissues suggests that besides its putative role as PPi transport protein ANK may fulfil hitherto unknown functions in cell physiology.
To explore these alternative functions, we here characterized the ANK protein at the biochemical and cell biological levels. We show that endogenous ANK localizes to the late secretory/ endosomal pathway with abundant levels in the trans-Golgi network (TGN), within clathrin-coated vesicles, and at the PM. We further show that the proper localization of ANK depends on clathrin and on the TGN/ endosome localized clathrin adaptor-protein complex AP1, a known regulator of TGN/ endosomal sorting. Moreover, we demonstrate that loss of ANK is associated with defects in the formation of secretory carriers from the TGN and with endosomal dysfunction. ANK-depleted cells display a perinuclear accumulation of EEA1-and transferrin (Tf) positive early endosomes, resulting in reduced Tf internalization.
Collectively, these data suggest that dysfunction of Golgi-endosomal membrane traffic due to mutation or loss of ANK may contribute to ANKH-associated pathologies.
Results

ANK localizes to the TGN in fibroblasts
To obtain insights into the subcellular localization of ANK (human protein) we used antibodies specifically recognizing a C-terminal peptide within native ANK. Using these antibodies, endogenous ANK protein was localized to the perinuclear area in human fibroblasts, A549, and monkey Cos7 cells (Fig.1A, Fig.S1A ). Counterstaining for different marker proteins of the secretory pathway such as endoplasmic reticulum to Golgi intermediate In primary ank/ank mouse adult fibroblasts (MAF) we validated ANK antibody specificity (Fig.S1D) . Consistent with the data from human cells, MAF isolated from wild-type (wt) animals showed abundant Ank (murine protein) immunoreactivity in the perinuclear area, where it overlapped extensively with the TGN marker protein AP1-γ1. By contrast, no Ank immunoreactivity above background was detected in ank/ank fibroblasts. The Golgi localization of Ank was further confirmed by biochemical subcellular fractionation experiments of tissue extracts. Ank was abundant in fractions of highly enriched Golgi membranes isolated from rat liver (Fig.1C) along with the Golgi marker proteins Golgi 6 SNARE 28 (GS28) and AP1-γ1. Finally, the distribution of Ank in linear sucrose gradients strongly overlapped with that of TGN/ endosome localized proteins such as AP1-γ1 and Rab4A (Fig.S1E ). These results indicate that endogenous ANK is concentrated at the TGN and in post-Golgi vesicular carriers that may correspond to clathrin/AP1-derived vesicles (see further below).
ANK is concentrated in clathrin-coated vesicles and cycles between the PM and intracellular pools
Earlier reports studying ANK subcellular distribution had suggested overexpressed ANK to be present at the cell surface of Cos7 cells (6) . Consistent with these findings, 3D-confocal imaging (z-stacking) of transfected HeLa cells showed a fraction of ANK at the PM [2] and within PM ruffles [3] , in addition to a major ANK pool accumulating at the TGN [1] ( Fig.1D ). These data suggest that ANK may cycle between the TGN and the cell surface. To corroborate this hypothesis, we carried out cell surface biotinylation experiments detecting endogenous ANK in human fibroblasts. As expected, ANK partitioned between the nonbiotinylated intracellular (CL) and the biotinylated PM fraction (CS) (Fig.1E ). Subcellular accumulation of transiently transfected ANK-GFP at the PM and in perinuclear Golgi vesicles was similarly proven by live imaging experiments in ROS cells ( Fig.S2A-B ). In addition, fluorescence bleaching demonstrated recovery of ANK-GFP at the PM within 120 seconds.
However, the Golgi ANK-GFP fluorescence did not recover within 120 seconds suggesting fast ANK transport from the Golgi towards the PM. In addition, we observed fusion and separation of ANK-GFP vesicles with dextran-containing endosomes (Fig.S2C ) supporting the idea that ANK cycles between the TGN and PM.
Membrane traffic between the PM and the TGN involves, among other molecular pathways, clathrin-dependent mechanisms and ANK localization in cell lines indicated its transport by AP1/ clathrin. Next, we analyzed a possible involvement of clathrin in ANK 7 sorting using tissue extracts. Indeed, ANK was detected in clathrin-coated vesicles (CCV) isolated from bovine brain, along with clathrin and AP2 α-adaptin (a subunit of the clathrin adaptor AP2) (Fig.1F) . The presence of ANK in CCVs was further validated in CCV preparations from control and ank/ank mouse brain; with absence of an Ank signal in ank/ank samples (Fig.1F) . These results suggest that ANK cycles between the TGN and the PM, likely via AP1 and AP2 CCV. Thus, we decided to investigate the mechanism of ANK sorting in vesicular protein transport as well as the possible function of ANK within the TGN/ endosomal system in more detail.
Intracellular ANK trafficking involves clathrin/ AP-dependent sorting
To obtain insights into the mechanism of ANK sorting, we examined the primary sequence for protein domains or peptide motifs that mediate interaction with the sorting machinery. We noticed a cluster of acidic residues within the C-terminal cytoplasmic domain (E460-E492) of ANK (Fig.S3) . The N-terminal cytoplasmic domain of ANK harbors tyrosine based YxxΦ motifs. Acidic cluster and the YxxΦ motifs are recognized by the µ-adaptin subunits of AP complexes, which is in line with ANK transport via CCV. Cluster of acidic residues are also bound by phosphofurin acidic cluster sorting protein 1 (PACS-1), which regulates endosomal protein sorting, while its function in CCV mediated transport is being debated (16, 17) . Clathrin-mediated endocytosis of transmembrane cargo from the PM via CCV requires the AP2 complex, whereas AP1 facilitates protein traffic via CCV between the TGN and endosomes (17, 18) . To test a possible role of the ANK N-and C-terminal domains for its subcellular sorting, we generated chimeric fusion proteins of both ANK domains. In one construct, we replaced the N-terminal domain of the TfR with that of ANK (residues M1-F76 fused to TfR amino acids N55-F760). In a second construct, we generated a chimera between the C-terminal domain of ANK (R453-E492) and the CD8 alpha chain (CD8 amino acids M1-C206), a protein lacking endocytic sorting motifs ( Fig.2A) . Co-overexpressed full at Brunel University on August 24, 2016 http://hmg.oxfordjournals.org/ Downloaded from length TfR-GFP and ANK-wt colocalized at the perinuclear area corresponding to the TGN/ recycling endosomal interface (Fig.2B) . By contrast, neither ANK-TfR nor CD8a-ANK colocalized with TfR-GFP in the perinuclear area (Fig.2C ). These data suggest that neither the N-nor the C-terminal cytoplasmic domains of ANK on their own are sufficient to mediate proper ANK sorting, although it is possible that the putative AP binding motifs identified within these domains contribute to ANK sorting and function.
To unravel the mechanisms for ANK sorting, we focused on the clathrin sorting machinery. We capitalized on the observation that ANK is highly enriched in CCVs (Fig.1F) , suggesting that clathrin and clathrin-recruiting APs may lie at the heart of the machinery for ANK sorting. We tested this hypothesis by focusing on AP1, a TGN/ endosome adaptor complex mediating clathrin-dependent sorting of YxxØ-and dileucine motif-containing cargo between the TGN and endosomes (19) . First, we analyzed the localization of Ank in mouse embryonic fibroblasts (MEF) derived from AP1-µ1A knockout mice. Strikingly, Ank failed to accumulate at the TGN and instead displayed a dispersed localization in µ1A-/-MEFs, akin to the phenotype observed for the mannose 6-phosphate receptor (MPR46), which recycles between the PM, endosomes and the TGN and is a known AP1 cargo (20) . This effect was caused by loss of AP1 function as the normal TGN localization of Ank was restored in a rescued cell line (µ1A-/-::µ1A), in which µ1A is re-expressed (Fig.2D) . As a second independent approach we studied HeLa cells depleted of the γ1-subunit of the adaptor protein complex 1 (protein AP1-γ1, gene AP1G1) by specific siRNAs. Knock-down (KD) of AP1G1/ AP1-γ1 in HeLa cells phenocopied loss of AP1-µ1A as evidenced by the cytoplasmic dispersion of ANK from the perinuclear TGN area (Fig.2E) . Similar phenotypes were observed upon KD of clathrin heavy chain (CHC), PACS-1, a sorting adaptor for acidic motifs (21) , and the endocytic clathrin adaptor µ2-subunit of the AP2 complex (protein AP2-µ2, gene AP2M1) (Fig. 2E-F) . These results are consistent with the cycling of ANK between the TGN, endosomes, and the cell surface via clathrin/ AP-dependent sorting mechanisms and are reminiscent of the behavior of recycling membrane proteins such as MPR46/300 (20, 22) .
ANK is a post-Golgi protein cycling between the TGN and PM
To further explore the relationship between ANK localization and subcellular compartment integrity, we treated HeLa cells with nocodazole, monensin, or brefeldin A (BFA), drugs that perturb Golgi structure and function (23) . Microtubule depolymerization by nocodazole led to Golgi disassembly (24) and to the accumulation of ANK in AP1-γ1-positive membrane puncta (Fig.3A) , suggesting that ANK traffics to or from the TGN via a microtubule-based mechanism. Application of the cationic ionophore monensin, a drug that disrupts Golgi pH-gradients and thereby blocks intra-Golgi transport (23, 25) , caused ANK to 
ANK regulates tubular carrier formation at the TGN but is not required for Golgi integrity
To investigate the subcellular function of ANK we first assessed its expression in different cell lines. Highest ANK mRNA levels were found in HeLa, Hek293, TC28, and SAOS-2 cells (Fig.S4A ). Based on these data we evaluated three different siRNAs for their efficiency to ablate ANK mRNA and protein expression in HeLa cells. siRNAs ANK#1 and ANK#3 each resulted in ANK depletion by approximately 95 % compared to controls (Fig.S4B) . None of these siRNAs altered mRNA expression levels of ectonucleotide pyrophosphatase/ phosphodiesterase 1 (ENPP1) or AP1G1 used as controls. Efficient ablation of ANK protein expression was further corroborated by immunostaining and Western blot analysis ( Fig.S5A-B ).
The Golgi apparatus is formed by individual cisternae that are organized in a cis-trans orientation and maintained by continuous membrane transport (30) . Given the accumulation of ANK at the TGN, we analyzed the consequences of ANK ablation on Golgi cisternal organization. After ANK KD, the Golgi structure was not altered as assessed by immunostaining with AP1-γ1 as well as TGN46 (Fig.S5C) . We further tested the partitioning of cis-and trans-Golgi markers such as GM130 vs. TGN46 and GS28 vs. RAB6. We detected no difference in the cis-trans distribution of Golgi marker proteins (Fig.S5D ). In addition, the Golgi ultrastructure appeared unaffected after KD of ANK (Fig.S5E ). These observations indicate that ANK is not required for the structural integrity or polarity of the Golgi complex.
A major function of the TGN is the formation of vesiculo-tubular membrane carriers that traffic secretory cargo towards the PM. Based on the above experiments and on the steady-state partitioning between the TGN, endosomes, and the PM, we hypothesized that ANK may exit the TGN in tubular membrane carriers en route to the cell surface. To explore this hypothesis further, we treated HeLa cells with a short pulse of BFA to induce Golgi tubulation (26, 31). Under these conditions, ANK colocalized with TGN46 in Golgi-derived membrane tubules (Fig.4A) . Next, we assessed BFA-induced formation of Golgi-derived membrane tubules directed towards the ER or to the PM and endosomes using RAB6 or TGN46 as markers, respectively (25, 32) . Loss of ANK led to a severe reduction in the number and length of both, RAB6-and TGN46-positive membrane tubules (Fig.4B, C) .
These data suggest that ANK, although dispensable for Golgi integrity, affects the formation of TGN-derived membrane transport tubules.
ANK is required for endosomal function and endocytosis
At the TGN/ recycling endosome boundary secretory and endocytic membrane traffic intersect. For example, clathrin/ AP1 is involved in membrane traffic between endosomes and the TGN, in polarized sorting to the basolateral PM via recycling endosomes, and in synaptic vesicle recycling (30, 33) . Furthermore, internalized TfR is stored in recycling endosomes via retrograde traffic from EEA1-positive early endosomes (34, 35) . Given the functional defects at the level of the TGN in ANK-depleted cells and based on the partitioning of ANK between the TGN, endosomes, and the PM we speculated that loss of ANK may also lead to defects in the endosomal system. To test this, we analyzed the distribution of early endosomes as well as TfR endocytosis in cells depleted by ANK with specific siRNAs. We first visualized the localization of early endosomes with pulsed (6 min) Tf endocytosis by confocal microscopy.
All three ANK siRNAs induced a perinuclear accumulation of endocytosed Tf, while in controls internalized Tf localized to peripheral early endosomes homogeneously distributed throughout the cytosol (Fig.5A) . The perinuclear concentration of early endosomes was further corroborated by analyzing the distribution of the early endosomal marker protein EEA1 (Fig. 5B) . This phenotype is reminiscent to that induced by KD of KIF16B, an anterograde motor that facilitates the peripheral dispersion of early endosomes (36) . Further quantitative analyses revealed significantly delayed Tf endocytosis kinetics in ANK-depleted HeLa cells (Fig.5C ), suggesting that ANK is critical for endosome distribution and function.
Following internalization, TfR is recycled back to the PM via a fast (out of early endosomes) and a slow (out of recycling endosomes) routes (30) , which depend in part on endosomal distribution and their transport dynamics. Consistent with a critical role for ANK in endosome function, Tf recycling appeared delayed in ANK-depleted cells (Fig.5D ). This may be a consequence of the altered distribution of early endosomes within ANK-depleted cells as both control and ANK KD cells were equally competent in forming endosomal membrane tubules when treated with a short pulse of BFA (Fig.5E ). These observations are consistent with a model whereby ANK, directly or indirectly, regulates the partitioning of TfR/Tf between perinuclear recycling endosomes and the cell surface. To probe such partitioning, we used imaging of pHluorin-tagged TfR in control vs. ANK KD cells (37) . As expected, ANK-depleted cells showed mildly elevated TfR surface levels at steady-state or upon a Tf pulse (Fig.5F ), consistent with a reduced rate of TfR endocytosis. Accordingly, ablation of ANK caused slightly elevated TfR levels in non-acidic compartments (i.e. CCVs) upon TfR/Tf endocytosis. Collectively, our observations indicate that ANK is critical for proper endosomal function and thus endocytic pathways.
Discussion
This study provides insights into the subcellular localization and function of the ankylosis protein ANK a putative PM transporter and regulator of intracellular PPi levels. Our data indicate that ANK localizes to the TGN, CCV, and the PM and regulates TGN as well as endosomal membrane traffic. Specifically, we demonstrate that loss of ANK is associated with perinuclear clustering of early endosomes and corresponding defects in TfR/Tf endocytosis and recycling.
The most striking effect of ANK-deficiency on subcellular compartments is the perinuclear accumulation of early endosomes. To our knowledge, perinuclear concentration of endosomes after KD of a putative channel protein has not been described in the literature.
However, comparable phenotypes have been described for mutations or the depletion of several proteins: the endosome-associated kinesin motor KIF16B, the endosomal regulators annexin A2, Alix, and the brefeldin A-inhibited guanine nucleotide-exchange protein 2 (BIG2) (36, (38) (39) (40) . Annexin A2 is a calcium and lipid-binding protein and loss of annexin A2 induces perinuclear endosome clustering, however without apparent changes in TfR/Tf uptake and recycling (38) . Recently, annexin A2 dependent actin nucleation at early endosomes has been shown to regulate endosome maturation and remodeling (41) . Loss of Alix, a component of the ESCRT based machinery for multivesicular body formation in late endosomes, likewise is associated with a perinuclear accumulation of internalized TfR/Tf and concomitant changes in the organization of the actin cytoskeleton (39) . In contrast, the ARF-GEF BIG2, a factor that regulates TGN membrane association of AP1 via Arf1 (42), facilitates TfR/Tf recycling by modulating the distribution of recycling endosomes (40) .
Lastly, KD of KIF16B, a FYVE-domain containing kinesin motor on early endosomes, causes perinuclear early endosome concentration and altered rates of recycling vs. degradation of internalized proteins (36) . Although this heterogeneous group of proteins has not been associated with ANK, they all affect endosome morphology or distribution either by controlling the cytoskeleton or by recruitment and activation of factors required for membrane traffic. ANK may directly or indirectly affect such processes, although the precise underlying mechanisms remain to be determined. Given the low abundance of ANK in endosomal compartments compared to the TGN, we favor a model according to which the effects of ANK on endosomes are secondary to altered trafficking at the level of the TGN. This idea is further supported by the observation that the subcellular localization of ANK itself is controlled by CCV and clathrin-associated adaptors such as AP1, AP2, and PACS-1.
Transmembrane proteins, in particular channels/ transporters, may regulate membrane traffic by a variety of mechanisms including the control of ion homeostasis (43) (44) (45) and the luminal pH (46, 47) . Within the secretory pathway, the pH declines continuously from the ER (pH 7.2) to the TGN (pH 6) and within the endocytic pathway from early endosomes (pH 6.3) to recycling endosomes (pH 6.5), and finally late endosomes and lysosomes (pH 5.5) (46). proposed function of ANK as a PPi transport protein (6, 9) and with the observation that PPi serves as a high energy compound sufficient for TGN acidification in rat liver (48) .
A surprising observation of our study is the enrichment of ANK at the PM upon chloroquine treatment. Chloroquine is a lysosomotropic drug that accumulates in acidic organelles, such as endosomes and lysosomes, where it raises the pH resulting in altered fusion of membrane vesicles and degradation of cargo molecules (29, 49) . Trapping of ANK at the PM in the presence of chloroquine supports our finding that ANK permanently cycles between the TGN and PM. A regulatory role of ANK for endolysosomal acidification would be consistent with its subcellular localization and the observed endosomal trafficking defects after ANK ablation. Of note, disruption of endosomal acidification with chloroquine has been linked with sustained WNT signaling (50) and increased cell surface levels of bone morphogenetic protein receptor type-II (BMPR-II) (51) . Both, WNT and BMP pathways are key mechanisms that regulate chondrocyte and osteoblast differentiation and function (52, 53) . Increased levels of Wnt5a after loss of ANK control canonical WNT signaling and have been associated with the maintenance of a chondrocyte differentiation phenotype in vitro (54).
Thus, analyzing possible molecular mechanisms of ANK in endosomal acidification is a worthwhile approach to provide novel insights into the molecular pathomechanisms of CCAL2, CMD, and MRDA.
Whether and how ANK mutations disturb the mechanisms by which ANK is intracellularly sorted is unknown. However, it is interesting to note that the ANKH-associated diseases CCAL2, CMD, and MRDA syndrome have been linked to distinct mutation hotspots (Fig.S3) (1-3) . In the case of CCAL2, mutations are found in close proximity of YxxΦ motifs or acidic cluster signals that may contribute to ANK sorting in vivo. Relating these mutations to the intracellular distribution and function of ANK based on the findings reported here remains an interesting subject for future studies.
Materials and methods
Materials and antibodies
All materials were purchased from Sigma unless otherwise stated. A polyclonal rabbit anti- µ1A-/-and µ1A-/-:µ1A fibroblasts were from Peter Schu (University of Göttingen). Golgi enriched rat liver fractions were kindly provided by John Caldwell (University of Colorado) (55) . ank/ank mice were maintained under standard conditions. All animal experimental procedures were approved by the 'Landesamt für Gesundheits und Soziales (LaGeSo), Berlin, Germany.
Plasmid design
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Downloaded from
The following mammalian expression vectors were used in this study pcDNA4_Ank_wt, pFlag-CMV-5_Ank_wt, pEGFPC1_Ank_wt, pcDNA4_Ank_TfR, pcDNA4_CD8_Ank, and pC1_pHluorin-TfR. The murine Ank gene was used for vector cloning as it is highly homologues to human ANKH. For the pcDNA4_Ank_wt construct the murine Ank sequence 
Cell culture and transient transfection
All cell lines were cultured at 37 °C, 5 % CO 2 in DMEM supplied with 5 % of fetal calf serum (FCS) and 2 mM ultraglutamine. Primary mouse and human fibroblast were grown at 37 °C and 5 % CO 2 in alpha-MEM complemented with 10 % FCS, 2 mM ultraglutamine, 100 µg/ml penicillin G, and 100 µg/ml streptomycin. Preparation of osteocytes were cultured as described elsewhere (56) . Transfection of plasmid DNA was performed with jetPEI (Polyplus transfection) according to the manufacturer's protocol. Briefly, 3 µg plasmid DNA was diluted in 100 µl sterile 0.9 % NaCl, mixed with an equal volume of a 6% (v/v) jetPEI dilution in sterile 0.9 % NaCl and incubated at room temperature for 20 min. The transfection mix was then added dropwise into the cell culture dish and left at least for 24 
SDS-PAGE and Western blot
For Western blot analysis, all samples were diluted in 1x SDS loading buffer and resolved by gel electrophoresis in Bis-Tris SDS polyacrylamide gels. Protein concentrations were determined when required, using the BCA protein assay kit (Pierce). After transfer on nitrocellulose membranes by tank blotting and blocking in 5% block milk, 0.2% NP-40 in 1xTBS, blots were incubated with the appropriate primary and secondary antibodies in 5% blocking milk and finally detected using ECL reaction (Amersham) and visualized on Super RX X-ray film (Fuji Film).
Immunofluorescence
For immunofluorescence detection of overexpressed and endogenous protein, cells were grown on glass coverslips (12 mm, Marienfeld), fixed with 4% (w/v) paraformaldehyde (PFA) in PBS; permeabilized in 1% (v/v) Triton X-100 in 3% (w/v) bovine serum albumine (BSA) in PBS and blocked with 3% (w/v) BSA in PBS. Primary antibodies were applied in 3% BSA in PBS for 5 h at 4 °C, coverslips were washed in PBS, secondary antibodies and DAPI were applied in 3% BSA in PBS for 1 h at 4 °C, washed in PBS. Finally, coverslips were mounted on slides using Fluoromount-G (SouthernBiotech). Images were taken with a confocal microscope LSM510 (Zeiss). Images for subsequent evaluation were acquired under identical exposure conditions. Image analysis was performed with macros in AxioVision (Zeiss) under identical threshold conditions. Statistical significance was calculated with Student's t-test (two-sided, unpaired, homogenous variation).
Live Imaging
For live imaging, 10 
Sucrose gradient centrifugation
Separation of mouse liver postnuclear supernatants (PNS) in linear sucrose gradients was carried out at 4 °C and all solutions were complemented with protease inhibitor cocktail (Roche). Briefly, freshly harvested liver was homogenized in a glass potter after adding 4 ml of 3 mM imidazole buffered 0.25 M sucrose solution per gram of fresh liver. PNS were obtained by centrifugation of the homogenate at 1000x g for 10 minutes. Linear sucrose gradients were prepared by using a gradient mixture device. PNS were carefully loaded on top of each gradient with a Pasteur pipette and centrifuged at 100.000x g for 2.5 hours in a SW32 swing out rotor. Fractions were obtained after centrifugation from a hole at the bottom of the centrifugation tube. Linearity of the gradient was assessed by measuring the refractive index of each fraction.
Cell surface biotinylation
Transient transfected or untreated living cells were labelled with EZ-Link Sulfo-NHS-LC-LCBiotin Reagent (Pierce) for 30 minutes at 4 °C. Remaining labelling reagent was deactivated by washing with ice cold 100 mM glycine phosphate buffer pH 7.4. Cells were lysed in Tris buffer pH 7.1 supplemented with 1 % Triton X-100, complete proteinase inhibitor (Roche), 30 mM sodiumpyrophosphate, and 5 mM EDTA. Biotin labelled protein was separated with Streptavidin-agarose beads (Pierce). Following separation agarose beads were washed four times with lysis buffer. Both the supernatants as well as the bead fractions were dissolved in SDS sample buffer and subjected to SDS-PAGE followed by Western blot analysis.
Clathrin-coated vesicle preparation
Clathrin-coated vesicles from calf brain were isolated as described elsewhere (57) . Clathrincoated vesicles from mouse brain were prepared as described elsewhere (58) .
RNAi treatment
Gene silencing in HeLa cells was performed by Interferin (Polyplus) transfection of siRNA PACS-1 (GCACGCAGAUUCCAAGAAAtt).
Quantitative PCR
Total RNA was isolated from cell cultures using peqGOLD TriFAST reagent (peqlab)
according to the manufacturer's instructions. 1 µg isolated RNA was reverse transcribed using
RevertAid H Minus First Strand cDNA Synthesis kit and random hexamer primers (Fermentas). Primer pairs for cDNA amplification were designed and sequences are available on request. mRNA levels were determined by quantitative PCR (qPCR) using 5x HotFirePol EvaGreen (Solis BioDyne) according to the manufacturer´s instructions. Each sample was analyzed as triplicate and amplified on an ABI PRISM7500 instrument (Applied Biosystems).
Relative mRNA levels were quantified using the comparative Ct method (Smittgen und Livak). The different mRNA values were normalized against GAPDH/Gapdh mRNA. 
Transferrin endocytosis and recycling
Analysis
